
Recent Results 
from CMS
Konstantinos Kousouris
CERN

HEP2012
Recent Developments in High Energy 

Physics and Cosmology
Ioannina, Greece, April 5-8 2012

1



Konstantinos KousourisRecent Results from CMS

Introduction: LHC & CMS

Standard Model Measurements 

‣ EWK: W-asymmetry, W+jj, Z→4l

‣ QCD: jet & dijet cross sections

‣ TOP: top mass, single-top, FCNC, charge asymmetry

SM Higgs Searches

‣ HWW, HZZ, Hττ, Hbb, Hγγ

‣ CMS Higgs Combination 

Beyond the Standard Model

‣ Exotics: quark compositeness, dijet resonances, monojets, 
dilepton resonances/Z’, W’

‣ SUSY: razor framework

2

Outline

A very incomplete 
list of results, due to 
time limitations, and 

according to my 
personal bias !!!
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Large Hadron Collider
CMS

‣ pp collisions @ 7 TeV
‣ delivered luminosity: 5.72 fb-1

‣ peak luminosity: 3.5 x 1033 cm-2s-1

- bunch spacing 50 ns, β* = 1 m, bunch 
intensity 1.35 x 1011 ppb
- 10 pileup events on average

‣ data taking efficiency: 90%
- more than 90% of the recorded data 
suitable for analysis
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Compact Muon Solenoid
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Object Reconstruction

2011 JINST 6 P09001
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CMS

Figure 13. Calibrated /Ex,y resolution versus calibrated PF ÂET for Calo /ET, TC /ET, and PF /ET in data and
in simulation.

to make a meaningful comparison, we calibrate the measured /ET for the different algorithms to
the same scale using the response from figure 10. These corrections would not be needed if all ~/ET
algorithms had both type-I and type-II corrections.

We use the PF ÂET in plotting the /ET resolutions for all three algorithms, as it gives the best
estimate of the true ÂET, and hence is an accurate evaluation of the event activity. We calibrate PF
ÂET to the particle-level ÂET, on average, using the predicted average mean value as a function of
the particle-level ÂET from a simulation of events from the PYTHIA 8 event generator [22].

Figure 13 shows the calibrated /Ex,y Gaussian core resolution versus the calibrated PF ÂET

for different /ET reconstruction algorithms in events containing at least two jets with pT > 25GeV.
Both TC /ET and PF /ET show improvements in the /ET resolution compared to the Calo /ET, with
the PF /ET yielding the smallest /ET resolution.

Figure 14 shows the PF /ET distributions for different intervals of Calo ÂET and for jet multi-
plicities varying from two to four, normalized to the same area. The jets are required to be above
a pT threshold of 20GeV. The good agreement of the normalized shapes in figure 14 indicates
that PF /ET-performance in events without genuine /ET is driven by the total amount of calorimetric
activity (parametrized by Calo ÂET) and no residual nonlinear contribution from jets to PF /ET is
visible. Similar behaviour is also observed for Calo /ET and TC /ET.

6.5 Effect of multiple interactions

Pile-up, namely multiple proton collisions within the same bunch crossing, occurs because of high
LHC bunch currents and can play an important role in ~/ET performance.

Because there is no true ~/ET in minimum-bias events and because the average value for a
component of ~/ET in these events is zero (e.g., the x or y component), pile-up should have only
a small effect on the scale of the component of the measured ~/ET projected along the true ~/ET
direction. Pile-up, however, will have a considerable effect on the resolution of the parallel and
perpendicular components.

We investigate the effect of pile-up using multijet samples, g , and Z data.
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JEC uncertainty
JEC uncertainty compares favorably to 2010 uncertainty at |ηjet|<2.5

Uncertainty below 1% for pT = 150-600 GeV in barrel at |ηjet|<1.3
Dominant uncertainties at |ηjet|<1.3 pile-up (low pT), jet flavor (medium pT), extrapolation (high pT)
At 2.5<|ηjet|<3 dominant uncertainties time-dependence and (out-of-time) pile-up; these will be 
improved in 2012 with better calibration and fewer time slices for HCAL reconstruction
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MET‣ excellent lepton reconstruction
‣ ECAL: photon reconstruction with 1% 
energy resolution in the barrel
‣ global event description through a 
particle-flow algorithm

- great improvement on jet, MET, and 
tau reconstruction
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Electroweak Measurements
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Overview
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W Asymmetry

‣ two valence u quarks in the proton: 
surplus of W+ 
‣ stringent test of PDFs: u/d ratio and 
sea-quark densities
‣ electron pT > 35 GeV
‣ W yield extracted by MET template
‣ result expected to be used in PDF fits
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Figure 1: Signal fit to data E/T distributions for electrons. Results for the first pseudorapidity
bin (|h| < 0.2) and for the 10th pseudorapidity bin (2.0< |h| < 2.2) are shown. The hatched
area represents the statistical and systematic uncertainties associated to the fitting procedure.

and the statistical errors on the efficiency ratios are treated as systematic uncertainties. This is
the dominant systematic uncertainty in all the pseudorapidity bins.

The true charge asymmetry, A, is diluted due to charge misidentification resulting in an ob-
served asymmetry, Aobs = A(1� 2w). The electron charge misidentification rate w is measured
in data using Z/g⇤ ! e+e� evens. The observed electron charge asymmetry is corrected for
the charge misidentification rate as a function of |h|. The statistical error on the electron charge
misidentification rate is taken as the systematic uncertainty.

Table 1 summarizes systematic uncertainties in all the electron pseudorapidity bins. The full
covariance systematic errors matrix is given in Table 2. The measured charge asymmetry re-
sults are summarized in Table 3 with both statistical and systematic uncertainties shown. The
statistical uncertanties in the various pseudorapidity bins are uncorrelated.

1

In pp collisions, W bosons are produced primarily via the processes ud̄ ! W+ and dū ! W�.
The first quark is a valence quark from one of the protons, and the second one is a sea anti-
quark from the other proton. Due to the presence of two valence u quarks in the proton, there
is an overall excess of W+ over W� bosons. The ratio of inclusive cross sections for W+ and
W� bosons production at the Large Hadron Collider (LHC) was measured to be 1.42 ± 0.03
by the Compact Muon Solenoid (CMS) experiment [1] and is in agreement with predictions of
the Standard Model (SM) based on various parton distribution functions (PDFs) [2, 3]. Mea-
surement of this production asymmetry between W+ and W� bosons as a function of boson
rapidity can provide better constraints on the u/d ratio and the sea antiquark densities in the
ranges of the Björken parameter x [4] probed in pp collisions at

p
s = 7 TeV. However, due to

the presence of neutrinos in leptonic W decays the boson rapidity is not directly accessible. The
experimentally accessible quantity is the lepton charge asymmetry, defined to be

A(h) =
ds/dh(W+ ! `+n)� ds/dh(W� ! `�n̄)
ds/dh(W+ ! `+n) + ds/dh(W� ! `�n̄)

,

where ` is the daughter charged lepton, h is the charged lepton pseudorapidity in the CMS lab
frame (h = � ln [tan ( q

2 )] where q is the polar angle), and ds/dh is the differential cross section
for charged leptons from W boson decays. The lepton charge asymmetry can be used to test
SM predictions with high precision.

The lepton charge asymmetry and the W charge asymmetry have been studied in pp̄ collisions
by both the CDF and D0 experiments at the Fermilab Tevatron Collider [5, 6]. ATLAS and
CMS experiments have reported measurements of the lepton charge asymmetry at the LHC re-
cently using the data collected during the 2010 LHC runs [7, 8]. CMS also reported an updated
measurement of the muon charge asymmetry using a dataset corresponding to an integrated
luminosity of 234 pb�1 including the full 2010 dataset and part of the 2011 dataset [9]. In this
paper we present an update of the measurement of the electron charge asymmetry in inclusive
pp ! W(en) + X production at

p
s = 7 TeV with a data sample corresponding to 840 pb�1

collected in Spring 2011. With respect to the analysis performed in 2010 [8] the threshold on the
electron transverse momentum is increased from 25 to 35 GeV to match the updated trigger
threshold for single electrons. The data sample is ⇠ 25 times larger than in 2010 and allows
a reduction of many systematic uncertainties which were previously limited by the smaller
amount of data.

A detailed description of the CMS experiment can be found elsewhere [10]. The central fea-
ture of the CMS apparatus is a superconducting solenoid, of 6 m internal diameter, 13 m in
length, providing an axial field of 3.8 T. Within the field volume are the silicon pixel and strip
tracker, the crystal electromagnetic calorimeter (ECAL) and the brass/scintillator hadron calor-
imeter (HCAL). Muons are measured in gas-ionization detectors embedded in the steel return
yoke of the solenoid. The most relevant sub-detectors for this measurement are the ECAL and
the tracking system. The electromagnetic calorimeter consists of nearly 76 000 lead tungstate
crystals which provide coverage in pseudorapidity |h| < 1.479 in the barrel region and 1.479
< |h| < 3.0 in two endcap regions. A preshower detector consisting of two planes of silicon
sensors interleaved with a total of 3 X0 of lead is located in front of the ECAL endcaps. The
electron energy resolution is 3% or better for the range of electron energies relevant for this
analysis. CMS uses a right-handed coordinate system, with the origin at the nominal interac-
tion point, the x-axis pointing to the center of the LHC, the y-axis pointing up (perpendicular
to the LHC plane), and the z-axis along the anticlockwise-beam direction. The polar angle, q, is
measured from the positive z-axis and the azimuthal angle, f, is measured in the x-y plane.

ud̄ ! W+

dū ! W�
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W+2j

‣ CDF reported a “bump” in the dijet mass 
spectrum produced in association with a W boson 
‣ CMS performed a similar analysis

- W+jets background is dominant: uncertain 
modeling
- excluded: 1.5 pb @ 95 C.L. (CDF projected 
cross section @ 7 TeV = 3.4 pb)
- no irregularity found: CDF “bump” not 
confirmed
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FIG. 1: The dijet invariant mass distribution. The sum of electron and muon events is plotted. In the left plots we show the
fits for known processes only (a) and with the addition of a hypothetical Gaussian component (c). On the right plots we show,
by subtraction, only the resonant contribution to M

jj

including WW and WZ production (b) and the hypothesized narrow
Gaussian contribution (d). In plot (b) and (d) data points di↵er because the normalization of the background changes between
the two fits. The band in the subtracted plots represents the sum of all background shape systematic uncertainties described
in the text. The distributions are shown with a 8 GeV/c2 binning while the actual fit is performed using a 4 GeV/c2 bin size.

against 5 GeV variations of the thresholds used for all of
the kinematic selection variables, including variations of
the jet ET > 30 GeV threshold. This analysis employs
requirements on jets of ET > 30 GeV and pT > 40 GeV/c
for the dijet system, which improves the overall modeling
of many kinematic distributions. We also test a selection
only requiring jet ET > 20 GeV as in Ref. [19]. This se-
lection, which increases the background by a factor of 4,
reduces the statistical significance of the excess to about
1�.

We study the �Rjj distribution to investigate possi-
ble e↵ects that could result in a mismodeling of the dijet
invariant mass distribution. We consider two control re-
gions, the first defined by events with Mjj < 115 and
Mjj > 175 GeV/c2 and the second defined by events
with pT < 40 GeV/c. We use these regions to de-
rive a correction as a function of �Rjj to reweight the
events in the excess region. We find that the reweight-
ings change the statistical significance of the result by
plus or minus one sigma. However, the �Rjj distribu-

CDF
PRL 106 (2011) 171801
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Observation of Z→4l Decays (I)

‣ signal: Z boson production with γ* 
radiation from one lepton 
‣ very important “candle” for the H→ZZ
- in situ calibration of m4l

1

1 Introduction
We present the first observation of Z ! 4` production in proton-proton (pp) collisions atp

s = 7 TeV, and the measurement of the production cross section s(pp ! Z) · BR(Z ! 4`)
and branching fraction BR(Z ! 4`). Here and throughout the note, ` stands for an electron
or muon. Previously, all four LEP collaborations reported observations of four-fermion ( f )
production e+e� ! 4 f , which includes e+e� ! Z ! 4 f (e.g., Refs. [1–4]). However, the obser-
vation of Z ! 4` decays in pp collisions is of special interest. The clean resonant peak in the
four-lepton invariant mass distribution at m4` = mZ can be used as a standard candle for direct
calibration of the four-lepton mass scale, the four-lepton mass resolution, and the overall four-
lepton reconstruction efficiency in phase space similar to the Higgs boson four-lepton decays,
H ! ZZ ! 4`. The pp ! Z ! 4` process and its implications for the H ! ZZ ! 4` search at
the Large Hadron Collider (LHC) were first studied in Ref. [5].

The results presented are based on the data collected in 2010 and 2011 by the CMS detector at
the LHC in pp collisions at

p
s = 7 TeV. The dataset used in the analysis corresponds to the

total integrated luminosity of 4.7 fb�1.

2 Signal Definition
The leading order (LO) Feynman diagram for the production and decay, qq̄ ! Z ! 4`, is
presented in Fig. 1 (left). This process is sometimes referred to as single-resonant four-lepton
production.

We define signal events as those with four leptons, e+e�e+e� (4e), µ+µ�µ+µ� (4µ), e+e�µ+µ�

(2e2µ), with four-lepton invariant mass is 80 < m4` < 100 GeV and di-lepton masses for all
six possible pairings of leptons satisfying m`` > 4 GeV. The reason for this di-lepton mass
requirement stems from the fact that the Z ! 4` amplitude becomes divergent as m2

g⇤ tends
to zero. Lepton masses provide a natural cut-off: however, events with such a low cut-off are
very difficult to reconstruct experimentally. The branching fraction we report is for events in
the m4` and m`` phase space specified above.

Another noteworthy feature of Z ! 4` is that the proportions fi between the 4e, 4µ, and 2e2µ
decay rates are not 0.25:0.25:0.50 as one might expect. This is related to the fact that decays
to four leptons of the same flavor allow for additional Feynman diagrams with permutations

Figure 1: (Left) Z ! 4` diagram (“signal”). (Right) Zg⇤ ! 4` diagram for the irreducible
“background” of Z ! 2` production with the initial state radiation undergoing an internal
conversion g⇤ ! 2`. Technically, both Z and g⇤ are present in all propagators. The choice of
propagators shown in the figures corresponds to dominant contributions in the phase space
80 < m4` < 100 GeV.

5.3 Z ! 4` decays as a standard candle in the H ! ZZ ! 4` search. 7

at m4` = mZ is an order of magnitude larger than the expected number of events for the SM
Higgs boson with a mass mH anywhere in the remaining allowed range of 117.5–118.5 and
122.5–127.5 GeV [14, 15]. Therefore, the Z ! 4` peak can be used for a direct calibration of the
four-lepton mass scale, the four-lepton mass resolution, and the overall four-lepton reconstruc-
tion efficiency in a similar phase space to the Higgs boson four-lepton decays. Such a direct
calibration using the Z ! 4` peak will be complementary to the currently employed indirect
method of tag-and-probe making use of Z ! 2` events, with the benefits that Z ! 4` has:
similar kinematics, a final state with 4` and the same proportion between electrons and muons.

Figure 3 (right) shows the fit of the four-lepton mass distribution for the observed events. The
background shape is taken from pp ! ZZ ! 4` simulation, with the overall normalization
floating in the fit (differences in shape between the reducible and irreducible backgrounds are
ignored due to the small contribution of the former). The signal is a convolution of the Breit-
Wigner and Crystal Ball functions. The central value and width of the Breit-Wigner function
are fixed at the Z boson mass mZ and width GZ [7]. The Crystal Ball parameters are free in the
fit.

One can see that the offset of the peak is 0.4±0.5 GeV, or, in relative units, 0.4±0.5%. These
numbers can be used to constrain the possible systematic errors of the four-lepton mass scale.
With the current data, we can state that the average four-lepton mass scale does not show any
significant bias within the 0.5% statistical uncertainty.

The Crystal Ball width (sigma of the Gaussian core) returned by the fit is 1.3±0.6 GeV. This
is consistent with the MC-based expectations of 1% for 4µ and 1.4% for 2e2µ in this low mass
range. There are only two 4e events, therefore their mass resolution cannot be yet constrained
with the current luminosity. With the current data, we can measure the average four-lepton
mass resolution with about 0.6/1.3 = 46% statistical uncertainty.

Figure 3: (Left) Four lepton mass distribution in simulation for pp ! 4`, without the Higgs
boson, and pp ! H ! ZZ ! 4` for a Higgs boson mass mH = 120 GeV stacked on top. The
Higgs boson signal is scaled up by a factor of 10. (Right) Four-lepton mass distribution. Data
are shown by points. The three final states, 4e, 4µ, and 2e2µ, are added together. The solid line
represents a simultaneous fit for the background and Z boson peak (see text for details).

13

Figure 4: Four-lepton mass distribution for pp ! 4` process in the linear (left) and log (right)
y-axis scales.

signal

background
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Observation of Z→4l Decays (II)

‣ first observation at hadron collider
- possible in CMS thanks to low lepton pT 
reconstruction

‣ pT(el) > 7 GeV, pT(μ) > 5 GeV, mll > 4 GeV

6 5 Results

5.2 Measurement of s(pp ! Z) · BR(Z ! 4`) and BR(Z ! 4`)

The number of observed events in signal (Z ! 4`) and control (Z ! µµ) regions can be ex-
pressed as follows:

Â
i

L · s(pp ! Z) · BR(Z ! 4`) · fi · eacc
i · e

exp
i · ci = NZ!4`

obs � Nbkg (i = 4e, 4µ, 2e2µ), (1)

L · s(pp ! Z) · BR(Z ! µ+µ�) · eacc
Z!µ+µ · e

exp
Z!µ+µ� · cZ!µ+µ� = NZ!µ+µ�

obs � N
0
bkg, (2)

where

• L stands for the integrated luminosity,
• s(pp ! Z) for theoretical Z boson production cross section (80 < mZ⇤ < 100 GeV),

26908 fb (calculated with FEWZ 1),
• BR(Z ! 4`) for the signal decay branching fraction (with the m`` > 4 GeV cut),
• BR(Z ! 2µ) for the Z ! µµ branching fraction, 0.03366 [7],
• fi for the relative fraction of all 4` events going into the ith sub-channel ( i = 4e, 4µ, 2e2µ),
• eacc

i for the theoretical acceptance of lepton pT and h requirements used in the anal-
ysis,

• e
exp
i for the experimental efficiency, as obtained in the simulation, to reconstruct

events within the acceptance,
• ci for the data-to-simulation correction factor for the experimental efficiency derived

from Monte Carlo.

Eq. (1) allows extraction of the production cross section times branching fraction s(pp ! Z) ·
BR(Z ! 4`): 125 ± 25(stat) fb, while the fraction of Eqs. (1) and (2) allows extraction of the
branching fraction BR(Z ! 4`), with cancellation of several systematic errors: 4.5± 0.9(stat)⇥
10�6. The statistical error is defined by the 26 events observed. These measurements agree with
the standard model predictions: 120 ± 4.92 fb and 4.45 ⇥ 10�6, respectively.

To properly account for systematic errors, including their correlations between different chan-
nels as well as between signal and background, we construct the full likelihood for the four
observations (4e, 4µ, 2e2µ, and 2µ), as described in Appendix A. Using the full likelihood in
conjunction with the profile likelihood method [13], we measure the Z ! 4` production cross
section s(pp ! Z) · BR(Z ! 4`) and the branching fraction BR(Z ! 4`) as follows:

s ⇥ BR(Z ! 4`) = 125+26
�23(stat)+9

�6(syst)+7
�5(lumi) fb,

BR(Z ! 4`) = 4.4+1.0
�0.8(stat)± 0.2(syst)⇥ 10�6.

5.3 Z ! 4` decays as a standard candle in the H ! ZZ ! 4` search.

The Z ! 4` decays give a clean resonant peak in the four-lepton invariant mass distribu-
tion, which can be used as a standard candle in the context of the Higgs boson search in the
H ! ZZ ! 4` decay mode. Fig. 3 (left), shows the number of events in the Z ! 4` peak

1https://twiki.cern.ch/twiki/bin/viewauth/CMS/StandardModelCrossSections

σΤΗ = 120 ± 4.92 fb
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QCD Measurements
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Inclusive Jet Production
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Figure 2: Ratios of data and theory for inclusive jet cross sections measured in hadron-
hadron collisions at different center-of-mass energies. The ratios are shown as a function of
the scaling variable xT = 2pT /

√
s. The theory results are computed for MSTW2008 PDFs.
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22 1. Quantum chromodynamics

describe the shape of the photon pt across the entire measured range, showing the need
for an improved and consistent theoretical description of this process.
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Figure 1.1: A compilation of data-over-theory ratios for inclusive jet cross
sections as a function of jet transverse momentum (pT ), measured in different
hadron-induced processes at different center-of-mass energies; from Ref. 212. The
various ratios are scaled by arbitrary numbers (indicated between parentheses) for
better readability of the plot. The theoretical predictions have been obtained at
NLO accuracy, for parameter choices (coupling constant, PDFs, renormalization,
and factorization scales) as indicated at the bottom of the figure.

In the case of Z+jets, the Z momentum can be precisely reconstructed using the
leptons, allowing for a precise determination of the Z pt distribution, which is sensitive

November 1, 2011 13:45

phase space covered by 
the 2011 measurement
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‣ inclusive jet cross section in the pT range 
0.1-2.0 TeV and up to |y|=2.5 
‣ experimental uncertainty comparable to the 
theory uncertainty

- constraint of the gluon PDF at high x
‣ differentiation between PDFs

- all PDFs compatible within uncertainties, 
but some are in better agreement



Konstantinos KousourisRecent Results from CMS 15

DiJet Cross Sections

 (GeV)jjM
310

| (
pb

/G
eV

)
m

ax
.

d|
y

jj
/d

M
σ2 d

-610

-410

-210
1

210

410

610

810

1010

1210

1410

1610

| < 0.5max. |y
)1| < 1.0 (x 10max. 0.5 < |y
)2| < 1.5 (x 10max. 1.0 < |y
)3| < 2.0 (x 10max. 1.5 < |y
)4| < 2.5 (x 10max. 2.0 < |y

 NP⊗NLO 

 R =0.7T = 7 TeV anti-ks  -1CMS Preliminary L = 4.7 fb

)/2
T2

+p
T1

=(p
R
µ=

F
µNNPDF2.1 

 GeVjjM
500 1000 1500 2000 2500 3000 3500 4000

R
at

io
 to

 N
N

PD
F2

.1

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
 R =0.7T = 7 TeV anti-ks  -1CMS Preliminary L = 4.7 fb

)/2
T2

+p
T1

=(p
R
µ=

F
µNNPDF2.1 

| < 0.5max.|y
 Data
 ABKM09
 CT10
 HERAPDF1.5
 MSTW2008NLO

 GeVjjM
500 1000 1500 2000 2500 3000 3500 4000

D
at

a/
Th

eo
ry

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
 R =0.7T = 7 TeV anti-ks  -1CMS Preliminary L = 4.7 fb

)/2
T2

+p
T1

=(p
R

µ=
F

µNNPDF2.1 

| < 0.5max.|y
 Data/Theory
 Theor. Uncertainty 
 Exper. Uncertainty 

‣ dijet cross section in the mass range 0.2-4.0 
TeV and up to |y|=2.5 
‣ experimental uncertainty comparable to the 
theory uncertainty

- constraint of the gluon PDF at high x
‣ differentiation between PDFs

- all PDFs compatible within uncertainties, 
but some are in better agreement
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 [GeV]tm
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6 ATLAS 2011 ( TJ ), l+jets
-1ATLAS-CONF-2011-120, 0.7 fb

 2.7 GeV± 0.9 ±175.9 
 syst)± stat ±(value 

CMS 2010 ( I ), l+jets
-1CMS-PAS-TOP-10-009, 36 pb

 2.7 GeV± 2.1 ±173.1 
 syst)± stat ±(value 

+jetsµCMS 2011 ( IJ ), 
-1CMS-PAS-TOP-11-015, 4.7 fb

 1.2 GeV± 0.6 ±172.6 
 syst)± stat ±(value 

CDF 2010 ( MJ ), l+jets
-1FERMILAB-PUB-10-427-E, 5.6 fb

 0.9 GeV± 0.9 ±173.0 
 syst)± stat ±(value 

D0 2011 ( MJ ), l+jets
-1FERMILAB-PUB-11-240-E, 3.6 fb

 1.0 GeV± 1.1 ±174.9 
 syst)± stat ±(value 

Tevatron average 2011

FERMILAB-TM-2504-E

 0.8 GeV± 0.6 ±173.2 
 syst)± stat ±(value 

Methods
T: Template, I: Ideogram, M: Matrix Element, J: with JES

mt (µ+jets), Ideogram method (CMS-PAS-TOP-11-015)

Results on data (4.7 fb�1)

m
t

= 172.6± 0.6stat ± 1.2syst GeV

Most precise LHC measurement

Systematics

Some not yet included
Color reconnection
(ATLAS 0.5 - 0.6 GeV)
Underlying event
(ATLAS 0.1 - 0.6 GeV)

Stijn Blyweert (IIHE - VUB) Top quark mass at the LHC 16/03/2012 9 / 14

‣ top mass: fundamental SM parameter
‣ ideogram method

- event-by-event 2D likelihood fit (mtop, JES)
- kinematic fit of the entire event
- mW constraints (leptonic, hadronic) + top 
mass constraint (mt

lep = mt
had)

‣ most precise LHC measurement, but:
- some systematics (color connection, UE) 
not included yet (up to 0.6 GeV contribution 
each) 

10 8 Conclusion

7 Top Quark Mass Results

We select 2391 µ+jets events out of 4.7 fb�1 of 2011 data taken by the CMS detector and mea-
sure:

mt = 172.64 ± 0.57 (stat+JES) ± 1.18 (syst) GeV
JES = 1.004 ± 0.005 (stat) ± 0.012 (syst)

The measured values are in agreement with the previous CMS measurement [3] with an ideogram
method which used 36 pb�1 of data and measured mt = 173.1 ± 3.4 GeV. The overall uncer-
tainty of the presented measurement ignoring the uncertainty due to non-perturbative QCD
effects is 1.3 GeV improving the precision of the 2010 CMS measurements by more than a fac-
tor of two.

Figure 7 a) shows the 2D likelihood obtained from data. As can be seen in Fig. 7 b) the un-
certainty of the measurement agrees with the expected precision from pseudo-experiments.
As the top mass and JES are measured simultaneously, the uncertainty on the top quark mass
combines the statistical uncertainty and the uncertainty due to the JES uncertainty.

We estimate the impact of the simultaneous fit of the jet energy scale by fixing the additional
JES to unity. With a fixed JES we measure mt = 173.0 ± 0.4 (stat)± 1.6 (syst) GeV. The larger
systematic uncertainty stems from a JES uncertainty of 1.2 GeV and demonstrates the gain from
the simultaneous JES fit.

As a cross-check of the event selection and mass extraction technique, the same analysis as
in [3] is repeated on the full 2011 data sample in the µ + jets channel. The events are required
to pass a µ + jets trigger and fulfill the same muon and jet requirements as in the main analysis
except a lower muon transverse momentum requirement of pT > 20 GeV. Furthermore, no
b-tagging information is used in the event selection.

The same kinematic fit is employed as for the main analysis. For the measurement, all permu-
tations of the four jets with highest pT are considered that have a fit c2 below 10 corresponding
to a fit probability Pfit of 6.7 ⇥ 10�3. After the fit c2 cut 44660 candidate events are selected.
Figure 8 shows the reconstructed top mass mfit

t after the kinematic fit and the fit probability cut.

In this analysis only mfit
t is fitted, applying the standard jet energy corrections and keeping

them fixed, equivalent to setting JES=1. New event-by-event likelihood functions are derived
taking into account the contributions from background due to the looser selection criteria. In
addition, the permutations are weighted with the b-tagging probabilities from the same tagging
algorithm employed in the main analysis.

From the (uncalibrated) likelihoods we extract the fitted mass and its statistical uncertainty.
After applying the calibration, we obtain a top quark mass from 44660 events of mt = 172.6 ±
0.2 (stat)± 1.8 (syst) GeV which confirms the result obtained in the main analysis.

8 Conclusion

A measurement of the top quark mass is presented using events with a muon and at least four
jets in the final state, collected by CMS in pp collisions at

p
s = 7 TeV in 2011. The complete

kinematics of each event are reconstructed using a constrained fit. For each selected event
a likelihood is calculated as a function of assumed values of top quark mass and jet energy
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Single Top (t-channel)

1

Electroweak theory predicts three mechanisms for single top quark production in hadron-
hadron collisions: t-channel, s-channel, and tW (or W-associated) production. Single-top events
have been observed by the D0 and CDF experiments at the Tevatron pp collider [1–3], and first
measurements of individual channels have recently been reported [4, 5]. In proton-proton col-
lisions at 7 TeV, t-channel single top quark production, Fig. 1, has the largest cross section and
the cleanest final-state topology, because of the presence of a light jet recoiling against the single
top quark. Next-to-leading order (NLO) computations with resummation of collinear and soft-
gluon corrections at next-to-next-to-leading logarithmic accuracy predict st = 64.3+2.1

�0.7
+1.5
�1.7 pb [6],

for a top mass of mt = 173 GeV/c2 and with parton distribution functions (PDFs) as given in
Ref. [7]. The first uncertainty comes from doubling and halving the renormalization and fac-
torization scales and the second from PDF uncertainty at the 90% confidence level.

q

b

qƍ

t

W+ W+

b

t
b

g

qƍq

Figure 1: Feynman diagrams for single top quark production in t channel: 2 ! 2 (left) and
2 ! 3 (right) processes.

This Letter presents the first measurement of the t-channel single top quark production cross
section in pp collisions at

p
s = 7 TeV in the decay channels t ! enb, t !µnb, and t !tnb

with leptonic t decays. Two complementary measurements are performed. The first analysis
exploits two angular observables sensitive to t-channel single top quark production: the non-
central pseudorapidity distribution of the light jet, and the cosine of the angle between this jet
and the final-state lepton, in the reconstructed top-quark rest frame. A multivariate analysis
technique with boosted decision trees (BDT) [8, 9] is used in the second method, which probes
the overall compatibility of the signal event candidates with the event topology of electroweak
top quark production. Hereafter, these analyses will be referred to as 2D and BDT analysis,
respectively.

Both analyses use a data sample corresponding to an integrated luminosity of 35.9 ± 1.4 pb�1 [10],
collected by the Compact Muon Solenoid (CMS) detector [11] operating at the Large Hadron
Collider (LHC). The central feature of the CMS detector is a superconducting solenoid pro-
viding a field of 3.8 T. Located within the solenoid are the silicon pixel and strip tracker, the
crystal electromagnetic calorimeter and the brass/scintillator hadron calorimeter. Muons are
measured in gas-ionisation detectors embedded in the steel return yoke. In addition to the
barrel and endcap detectors, a quartz-fiber Cherenkov detector extends the jet acceptance to
|h| = 5, where the pseudorapidity h is defined as h = � ln tan q

2 , where q is the polar angle of
the particle or jet trajectory with respect to the counterclockwise beam direction.

Events are selected by requiring the presence of at least one muon or electron having high trans-
verse momentum (pT). The particle flow (PF) algorithm described in [12] performs a global
event reconstruction and provides the full list of particles identified as electrons, muons, pho-
tons, charged and neutral hadrons. A fully reconstructed isolated muon (electron) candidate
originating from the leading primary vertex is required [13] with pT > 20 (30) GeV/c, |h| < 2.1
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‣ EW production of top quark
- unbiased measurement of CKM 
matrix element Vtb

- sensitivity to BSM physics
‣ t-channel: dominant production
‣ experimental signature: one isolated 
lepton + MET + 1 central b-jet + 1 jet

9

The two measurements are compatibile, taking into account correlated and uncorrelated un-
certainties. The latter category includes the uncertainties on the W+heavy flavours extraction,
on the QCD extraction procedure, on the lepton reconstruction and trigger efficiencies, and on
the hadronic part of the trigger.

The combination of the muon and electron measurement gives:

st�ch. = 70.2 ± 5.2(stat.) ± 10.4(syst.)± 3.4(lumi.) pb (combined)

Figure 5 shows the comparison of the current measurement with the Standard Model expecta-
tion.
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Figure 5: Single top cross section in the t-channel versus centre-of-mass energy, comparing our
measurement with the dedicated t-channel cross section measurements at Tevatron [21, 22] and
with the QCD expectations computed at NLO with MCFM in the 5-flavour scheme [23] and at
NLO+NNLL [1]. The error band (width of the curve) is obtained by varying the top mass
within its current uncertainty [24], estimating the PDF uncertainty according to the HEPDATA
recommendations [25], and varying the factorization and renormalization scales coherently by
a factor two up and down.

The absolute value of the CKM element |Vtb| is determined (similar to [2]) assuming that |Vtd|
and |Vts| are much smaller than |Vtb|, resulting in:

|Vtb| =
s

st�ch.

sth
t�ch.

= 1.04 ± 0.09 (exp.) ± 0.02 (th.) , (1)

where sth
t�ch. is the SM prediction assuming |Vtb| = 1.

7 Conclusion

We measured the cross section of t-channel single-top quark production in pp collisions using
2011 data in semi leptonic top decay mode with improved precision compared to our ear-
lier measurement. The characteristic pseudorapidity distribution of the light quark recoiling

9

The two measurements are compatibile, taking into account correlated and uncorrelated un-
certainties. The latter category includes the uncertainties on the W+heavy flavours extraction,
on the QCD extraction procedure, on the lepton reconstruction and trigger efficiencies, and on
the hadronic part of the trigger.

The combination of the muon and electron measurement gives:

st�ch. = 70.2 ± 5.2(stat.) ± 10.4(syst.)± 3.4(lumi.) pb (combined)

Figure 5 shows the comparison of the current measurement with the Standard Model expecta-
tion.

 [TeV]s
0 2 4 6 8 10

 [p
b]

σ

1

10

210

-1CMS preliminary, 1.14/1.51 fb

-1D0, 5.4 fb

-1CDF, 3.2 fb

NLO QCD (5 flavour scheme)
 PDF)⊕theory uncertainty (scale 

Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042

NLO+NNLL QCD
 PDF)⊕theory uncertainty (scale 

Kidonakis, Phys.Rev.D 83 (2011) 091503

t-channel single top quark production

Figure 5: Single top cross section in the t-channel versus centre-of-mass energy, comparing our
measurement with the dedicated t-channel cross section measurements at Tevatron [21, 22] and
with the QCD expectations computed at NLO with MCFM in the 5-flavour scheme [23] and at
NLO+NNLL [1]. The error band (width of the curve) is obtained by varying the top mass
within its current uncertainty [24], estimating the PDF uncertainty according to the HEPDATA
recommendations [25], and varying the factorization and renormalization scales coherently by
a factor two up and down.

The absolute value of the CKM element |Vtb| is determined (similar to [2]) assuming that |Vtd|
and |Vts| are much smaller than |Vtb|, resulting in:

|Vtb| =
s

st�ch.

sth
t�ch.

= 1.04 ± 0.09 (exp.) ± 0.02 (th.) , (1)

where sth
t�ch. is the SM prediction assuming |Vtb| = 1.

7 Conclusion

We measured the cross section of t-channel single-top quark production in pp collisions using
2011 data in semi leptonic top decay mode with improved precision compared to our ear-
lier measurement. The characteristic pseudorapidity distribution of the light quark recoiling



Konstantinos KousourisRecent Results from CMS 19

Flavor Changing Neutral Currents

‣ in SM: t→Wb, while t→Zq (q=u,c) through loop corrections with BR~10-14

‣ beyond SM: BR~10-4

‣ final state: 3 leptons + MET + 2 jets
‣ measurement consistent to the SM expectations

- exclude FCNC with BR(t→Zq) > 0.34% @ 95 CL

tt̄ ! Wb+ Zq ! l⌫b+ llj
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Charge Asymmetry

]2 [GeV/cttm
300 400 500 600 700 800

CA

-0.05

0

0.05

0.1
Data
EFT
NLO prediction

CMS Preliminary
 = 7 TeVs at  -14.7 fb

l+jets

14

tt
M

350 400 450 500 550 600 650 700 750 800

(M
)

tt
A

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6
data

 + bkgt1/2�t

M   (GeV/c  )tt 2

FIG. 10: Left: The �y—M
tt̄

plane. Each dot represents one event, while the intensity of the shading shows approximately
the event probability in the standard pythia based prediction.Right: The tt̄ frame asymmetry in the data in bins of invariant
mass M

tt̄

, compared to the prediction of mc@nlo tt̄ + backgrounds. The last bin includes all events with M
tt̄

� 700GeV/c2.
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FIG. 11: The tt̄ frame asymmetries in bins of invariant mass
M

tt̄

when the data is partitioned by lepton charge.

100 GeV/c2 bins above that. The Mt¯t-dependent asym-
metry in �y is shown on the right in Fig. 10 and Ta-
ble IX, compared to the prediction of mc@nlo in combi-
nation with the standard background. The uncertainties
in the plot are the statistical errors only; in the table the
mc@nlo uncertainty contains both the statistical and
theoretical component. In the bulk of the data at low
mass the asymmetry is consistent with zero, while at high
mass the asymmetry is consistently above the prediction.
Fig. 11 shows that when the data are separated by lepton
charge, the asymmetries in the two independent samples
behave in approximately opposite fashion.

TABLE IX: The data-level asymmetry Att̄ in bins of M
tt̄

com-
pared to the prediction of mc@nlo + backgrounds.

bin-center Att̄

(GeV/c2) N events data mc@nlo

375 532 -0.019 ± 0.043 0.003± 0.006
425 322 -0.012 ± 0.056 0.026± 0.008
475 190 0.158 ± 0.072 0.013± 0.010
525 95 0.305 ± 0.097 0.019± 0.013
575 58 0.138 ± 0.130 0.063± 0.020
650 34 0.471 ± 0.151 0.051± 0.020
750 29 0.103 ± 0.185 0.091± 0.022

A. Asymmetries at High and Low Mass

The large statistical errors in the At

¯

t(Mt¯t,i) distribu-
tion of Fig. 10 do not allow any conclusion on the func-
tional dependence. In order to make a quantitative mea-
surement of At¯t(Mt¯t) in a simple, statistically meaningful
way, we use a compact representation of At

¯

t(Mt¯t,i) into
just two Mt¯t bins, below and above a given mass bound-
ary.

The boundary between the low and high mass regions
is chosen based on a study of the color-octet samples de-
scribed in the Appendix. These samples have At

¯

t(Mt¯t,i)
distributions that are comparable to the data and reason-
able for modeling the sensitivity in that variable. We find
that the significance of the asymmetry at high mass is
maximized when the bin division is at Mt¯t = 450 GeV/c2,
and therefore adopt this cut.

Fig. 12 shows the �y distributions when the data
is divided into two regions, below and above Mt¯t =
450 GeV/c2. At low mass the asymmetry is consis-
tent with zero. At high mass, the rapidity di↵erence is

CDF
PRD 83 (2011) 112003

5

calculation of the tt̄ four-vectors uses a simple �2-based
fit of the lepton and jet kinematics to the tt̄ hypoth-
esis, allowing the jet energies to float within their ex-
pected uncertainties, and applying the constraints that
MW = 80.4 GeV/c2, Mt = 172.5 GeV/c2, and b-tagged
jets are associated with b-partons. This algorithm is well
understood in the context of precision top mass measure-
ments, where the fit is performed without the top mass
constraint [16], and other top physics studies that use the
top mass constraint [10]. We study the reconstructed top
quark rapidity and the di↵erence in the reconstructed top
and anti-top rapidities, from which we derive the forward-
backward asymmetries in the pp̄ (laboratory) rest frame
and in the tt̄ rest frame.

The validity of the analysis is checked at all steps
by comparison to a standard prediction made using the
pythia [17] tt̄ model, the CDF lepton+jets+b-tag back-
ground model, and a full simulation of the CDF-II de-
tector. We use pythia 6.2.16 with CTEQ5L parton dis-
tribution functions [18] and Mt = 172.5 GeV/c2. The
background model developed in concert with the preci-
sion cross-section studies provides good measures of both
the normalizations and shapes of the non-tt̄ processes [9].
The veracity of the combined pythia plus background
model, and in particular, its reliability for the estimation
of systematic uncertainties, is well verified in many other
top-physics studies at CDF [5, 9, 10, 16, 31].

Note that because pythia does not include the NLO
QCD charge asymmetry, the standard pythia predic-
tion is not the SM prediction for the forward-backward
asymmetry. Studies with the mc@nlo generator [19] (see
Sec. IV B) predict that the magnitude of reconstructed
QCD asymmetry in our sample is smaller than the cur-
rent experimental resolution. Symmetric pythia is thus
a good approximation for SM tt̄ and provides an unbi-
ased control sample for many of our studies. We will com-
pare our measurements to the SM predictions of mc@nlo

when appropriate.

III. RAPIDITY VARIABLES AND
ASYMMETRY DEFINITIONS

In the lepton+jets decay topology of the tt̄ pair, there
is a leptonic decay, t ! Wb ! l⌫b, and a hadronic de-
cay t ! Wb ! qq̄0b. The complications of the central
lepton acceptance and the reconstruction of the neutrino
from the 6ET create a di↵erence in the reconstruction res-
olution for the two di↵erent kinds of decay. In order to
control e↵ects of this kind, our treatment of top rapidity
variables maintains the distinction between the leptonic
and hadronic decay systems, with the t and t̄ assignments
following in accordance with the lepton charge.

The most direct measurement of the top direction with
respect to the beamline is the rapidity of the hadronic top
system in the lab frame, yh, which has acceptance out to
|⌘| = 2.0 and good directional precision. In events with
a negative (positive) lepton, yh is the lab rapidity of the

t quark, ypp̄

t (t̄ quark, ypp̄

¯t ). If CP is a good symmetry,
the distributions of ypp̄

¯t and ypp̄

t are reflections of each
other, and we can combine both samples, weighting with
the lepton charge, to use �qyh as the rapidity of the t
quark in the lab frame, ypp̄

t .
A frame independent measurement is available in the

rapidity di↵erence of the leptonic and hadronic systems
�ylh = yl�yh. After multiplication by the lepton charge
q, this variable measures the di↵erence between the top
and antitop rapidities: q�ylh = q(yl � yh) = yt � y

¯t =
�y. The rapidity di↵erence �y is independent of the tt̄
system longitudinal motion and is simply related to the
top quark rapidity in the tt̄ rest frame: yt

¯

t

t = 1

2

�y. Since
the rapidity preserves the sign of the production angle,
an asymmetry in �y is identical to the asymmetry in the
top quark production angle in the tt̄ rest frame.

With N as the number of events with a given rapidity,
we define the total tt̄ frame asymmetry:

At

¯

t =
N(�y > 0)�N(�y < 0)
N(�y > 0) + N(�y < 0)

(1)

=
N(yt

¯

t

t > 0)�N(yt

¯

t

t < 0)
N(yt

¯

t

t > 0) + N(yt

¯

t

t < 0)

and the total laboratory frame asymmetry, assuming CP
invariance:

App̄ =
N(�qyh > 0)�N(�qyh < 0)
N(�qyh > 0) + N(�qyh < 0)

(2)

=
N(ypp̄

t > 0)�N(ypp̄

t < 0)
N(ypp̄

t > 0) + N(ypp̄

t < 0)

Since yh and �ylh are identified with either a t or an t̄
by the sign of the lepton in the event, they are the pri-
mary variables for defining the charge dependence of the
asymmetries and testing for CP invariance. We define
the forward-backward charge asymmetry in the tt̄ rest
frame to be:

A±lh =
N±(�ylh > 0)�N±(�ylh < 0)
N±(�ylh > 0) + N±(�ylh < 0)

(3)

and in the laboratory frame to be:

A±h =
N±(yh > 0)�N±(yh < 0)
N±(yh > 0) + N±(yh < 0)

(4)

where the superscript refers to the sign of the lepton
charge q.

‣ charge asymmetry:  
- occurs in quark-antiquark initial states
- in pp collisions, IS quarks are mostly valence, while IS antiquarks are always 
sea quarks
- quarks have larger momentum fraction: excess of top quarks at forward 
directions
- Δy = |ytop|-|yantitop| 

‣ experimental signature: lepton + jets
‣ CMS measurement in agreement with the theory predictions



Konstantinos KousourisRecent Results from CMS

Higgs: the “holy grail”
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SM Higgs
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‣ SM Higgs: the most “sought for” 
particle 

- global EW fits favor low masses 
‣ production mechanisms

- gluon-gluon fusion
- vector-boson fusion
- associated production

‣ decay modes strongly dependent 
on the Higgs mass
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H→WW→2l+2ν

‣ most sensitive channel in the range ~125 - 200 GeV
‣ experimental signature: two high pT isolated leptons + MET

- no narrow mass peak 
‣ two parallel analyses 

- cut based in the 0,1,2 jet bins
- multivariate in the 0,1 jet bins

‣ data-driven estimates of the main backgrounds
‣ no significant excess found
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H→ττ

7.1 Limits on MSSM Higgs boson production 9
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Figure 2: Distribution of the tau-pair invariant mass, mtt, in the SM Higgs boson search cat-
egories: 0/1 Jet (top row, linear and log vertical scale), VBF (lower left), and Boosted (lower
right).
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Figure 4: The expected one- and two-standard-deviation ranges are shown together with the
observed 95% CL upper limits on the cross section, normalized to the SM expectation for Higgs
boson production, as a function of mH.

‣ sensitivity at low masses
‣ no narrow mass peak

- 20% resolution
- irreducible background: Z

‣ 3 sub-channels
- gg fusion with 0 or 1 jets
- VBF production with 2 forward jets
- boosted (one high pT jet)

‣ sensitivity: 3-5 σSM in the range 110-150 GeV for 
the 2011 dataset
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VH→Vbb
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‣ Hbb decay has the largest BR but QCD background is huge 
- need additional tag: associated production of vector bosons decaying 
to leptons

‣ 10% mass resolution
‣ sensitivity: 3-5 σSM in the range 110-135 GeV for the 2011 dataset
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H→ZZ→4l

m4� [GeV]

Ev
en

ts
/1

0 
G

eV

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=350 GeV/cHm
2=200 GeV/cHm
2=140 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbsCMS L = 4.7 fb-1

10

1000

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=140 GeV/cHm
2=200 GeV/cHm
2=350 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbssback

]2 [GeV/c4lM
100 110 120 130 140 150 160

2
Ev

en
ts/

2 G
eV

/c

0

1

2

3

4

5

6
DATA

Z+X

ZZ
2=140 GeV/cHm
2=120 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.73 fbs

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts/

10
 G

eV
/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=350 GeV/cHm
2=200 GeV/cHm
2=140 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbs

Data
Z+X
ZZ
mH = 140 GeV
mH = 200 GeV
mH = 350 GeV

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=140 GeV/cHm
2=200 GeV/cHm
2=350 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbssback

12

14

16

18

2

4

6

8

200 300 400 500 600
]2 [GeV/cHM

120 140 160 180

SM
 4

l)
�

 Z
Z 

�
(H
�/

95
%

 C
L

 4
l)

�
 Z

Z 
�

(H
�

-110

1

10

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=350 GeV/cHm
2=200 GeV/cHm
2=140 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbs

]2 [GeV/cHM
200 300 400 500

SM
 4

l)
�

 Z
Z 

�
(H�/

95
%

 C
L

 4
l)

�
 Z

Z 
�

(H�

1

10

]2 [GeV/c
H

Higgs mass, m
200 300 400 500 600

 p
-v

al
ue

-410

-310

-210

-110

1
-1= ~4.7 fbint=7 TeV    LsCMS Private       

 4l  ( without event-by-event mass resolution )� ZZ �H  4l  ( with event-by-event mass resolution )� ZZ �H 

10

1

CMS L = 4.7 fb-1

Expected ± 1σ

Expected ± 2σ

Observed

600110 200 300 400 500
mH [GeV]

]2 [GeV/cHM
120 140 160

SM
 4

l)
�

 Z
Z 

�
(H

�/
95

%
 C

L
 4

l)
�

 Z
Z 

�
(H

� -110

1

10
Expected ± 1σ

Expected ± 2σ

Observed

110

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=350 GeV/cHm
2=200 GeV/cHm
2=140 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbsCMS L = 4.7 fb-1

mH [GeV]
130 150120 140 160

10

1

]2 [GeV/cHM
120 140 160 180

SM
 4

l)
�

 Z
Z 

�
(H
�/

95
%

 C
L

 4
l)

�
 Z

Z 
�

(H
�

-110

1

10

‣ experimental signature: two high-mass pairs of 
isolated leptons

- very clean channel
- narrow mass peak (1-2% resolution)
- critical to reconstruct low pT leptons with 
high efficiency 

‣ upper fluctuation observed at 119.5 GeV
- 2.5σ local significance
- 1.0σ in the full mass range, 1.6σ in 100-160 
GeV
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H→γγ
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Low mass: H!γγ 

•  Signature:&small&mass&peak&over&
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background&
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‣ signature: two isolated high pT photons
‣ excellent mass resolution: 1-2% (CMS ECAL 
designed for this channel !!!)

- narrow mass peak on top of large, smoothly 
falling, QCD background

‣ analysis strategy
- cut based in categories (4 event classes + VBF)
- MVA (improvement equivalent to 50% more 
luminosity)

‣ largest upper fluctuation at ~125 GeV (2.9σ 
local significance, 1.6σ global significance)
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Combined Higgs Result (I)
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‣ expected 95% CL exclusion: 114.5 - 543 GeV 
‣ observed 95%(99%) CL exclusion: 127.5 - 600 GeV 
(129 - 525 GeV)
- upper fluctuation at low mass
‣ allowed mass range: 114.5 - 127.5 GeV
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Combined Higgs Result (III)
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‣ local p-value: significance of fluctuations 
- global significance depends on the mass range

‣ low-mass excess in data is consistent with 
signal expectations

- both in the local p-value and the signal best fit 
‣ more data are needed to investigate this 
excess
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Figure 3: Observed (solid lines) and expected (dashed lines) 95% C.L. limits for the contact
interaction scale L for the different CI models. The dark (light) gray bands indicate the ±1s
(±2s) uncertainties on the expected limits.

32

Quark Compositeness

1

In theories of physics beyond the standard model, it has been proposed that quarks are com-
posite particles and are bound states of more fundamental entities [1, 2]. Models of quark com-
positeness may explain the number of quark generations, quark charges, and quark masses,
which are not predicted in the standard model. A common signature of quark compositeness
models is the appearance of new interactions between quark constituents at a characteristic
scale L that is much larger than the quark masses. At energies well below L, these interactions
can be approximated by a contact interaction (CI) characterized by a four-fermion coupling. In
this Letter, flavor-diagonal color-singlet couplings between quarks are studied. These can be
described by the effective Lagrangian [1, 3]

Lqq =
2p

L2

⇥
hLL(qLgµqL)(qLgµqL) + hRR(qRgµqR)(qRgµqR) + 2hRL(qRgµqR)(qLgµqL)

⇤
,

where the subscripts L and R refer to the chiral projections of the quark fields and hLL, hRR, and
hRL can be 0, +1, or �1. The various combinations of hLL, hRR, and hRL correspond to different
CI models. The following CI scenarios are investigated:

L = L±
LL for (hLL, hRR, hRL) = (±1, 0, 0),

L = L±
RR for (hLL, hRR, hRL) = (0,±1, 0),

L = L±
VV for (hLL, hRR, hRL) = (±1,±1,±1),

L = L±
AA for (hLL, hRR, hRL) = (±1,±1,⌥1),

L = L±
(V�A) for (hLL, hRR, hRL) = (0, 0,±1).

In pp collisions these models result in the same limits for L±
LL and L±

RR, and at tree level for
L±

VV and L±
AA as well as for L+

(V�A) and L�
(V�A).

High energy proton-proton collisions with large momentum transfers predominantly produce
events containing two jets with high transverse momenta (dijets). Such events probe the scatter-
ing partons at the shortest distance scales and provide a fundamental test of quantum chromo-
dynamics (QCD). The angular distribution of these two jets with respect to the beam direction
is directly sensitive to the underlying dynamics of the parton-parton scattering and does not
strongly depend on the parton distribution functions (PDFs). Distributions of the polar scat-
tering angle q⇤ in the parton-parton center-of-mass frame from QCD processes are peaked in
the forward and backward directions, whereas contact interactions give rise to more isotropic
distributions in q⇤.

Previous searches for quark compositeness at hadron colliders have been reported at the SppS
by the UA1 [4] collaboration, at the Tevatron by the D0 [5, 6] and CDF [7] collaborations, and
at the Large Hadron Collider (LHC) by the ATLAS [8, 9] and CMS [10, 11] collaborations. The
limits on quark compositeness at the LHC [8–11] have been reported only for a color- and
isospin-singlet CI model, L±

LL/RR , where L+
LL/RR(L

�
LL/RR) corresponds to destructive (con-

structive) interference between the CI and QCD terms. In this Letter, our previous searches are
extended to higher CI scales using a data sample corresponding to an integrated luminosity of
2.2 fb�1 at

p
s = 7 TeV, exploring for the first time at the LHC a wide range of CI models. Also,

this is the first use of a recent CI prediction that includes next-to-leading-order (NLO) QCD
corrections [12].
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‣ quark substructure at scale Λ will appear as an 
effective 4-fermion interaction

- enhancement of dijet production at large 
scattering angles (low χ)

‣ data compatible with NLO theory predictions
- test of QCD dynamics

‣ excluded scale Λ ranging from 7.5 to 14.5 TeV
- depending on the chiral structure of the 
effective lagrangian

�dijet =
1 + | cos ✓⇤|
1� | cos ✓⇤|

θ*

pp

Jet1

Jet2

CM frame
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DiJet Resonances

‣ search resonances decaying to dijets
- exploit the mass spectrum
- exploit the dijet angular ratio

‣ generic search for quark-quark, quark-
gluon, gluon-gluon resonances
‣ limits (with 1 fb-1 and 2.2 fb-1)

- excited quarks: 3.2 TeV
- string resonances: 4 TeV
- axigluon/colorons: 2.47 TeV
- W’: 1.51 TeV
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MonoJets (I)

‣ search for dark matter and large extra 
dimensions
‣ signature: one energetic jet and large MET

- pair production of dark matter particles 
(MET) with initial/final state radiation (jet)
- associated production of a graviton 
(MET) and a jet

‣ dominant backgrounds: Z/W+jet



Konstantinos KousourisRecent Results from CMS 35

MonoJets (II)

10 7 Interpretation

Table 7: Observed and expected 95% CL lower limits on the ADD model parameter MD (in
TeV) as a function of d, with and without NLO k-factors applied.

LO NLO
d Exp. Limit Obs. Limit Exp. Limit Obs. Limit
2 3.76 4.00 4.16 4.44
3 3.04 3.18 3.29 3.46
4 2.68 2.78 2.83 2.94
5 2.42 2.52 2.56 2.66
6 2.27 2.37 2.39 2.49

Number of Extra Dimension
2 3 4 5 6

)2
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-1CMS 2011 NLO 4.7 fb
-1CMS 2010 NLO 36 pb
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CMS Preliminary

=7 TeVs at 
-1

L dt = 4.7 fb∫

sig1

Figure 5: Comparison of the number of extra dimension versus MD lower limits with LEP [14–
17] and CDF [18]. Also shown are the results from a previous CMS search [8].
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Figure 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering cross
section versus dark matter mass for the (a) spin-independent and (b) spin-dependent mod-
els with results from COUPP[9], CoGeNT [10], Picasso [11], XENON100[12], and CDMS[13]
collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and cutoff scale L
for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent
Mc ( GeV/c2) s(cm2) L(GeV) s(cm2) L(GeV)

1 3.37 ⇥ 10�41 730 7.20 ⇥ 10�40 776
10 9.83 ⇥ 10�41 744 2.12 ⇥ 10�39 789
100 1.33 ⇥ 10�40 718 2.65 ⇥ 10�39 776
400 5.14 ⇥ 10�40 514 6.66 ⇥ 10�39 619
700 2.95 ⇥ 10�39 332 2.62 ⇥ 10�38 440
1000 2.15 ⇥ 10�38 202 1.57 ⇥ 10�37 281

the cutoff scale L as a function of Mc can be translated into a limit on the dark matter-nucleon231

scattering cross section [1], which can be compared to the constraints from direct detection232

experiments. Figure 4 shows the 90% confidence level (CL) upper limits on the dark matter-233

nucleon scattering cross section as a function of the dark matter mass for the spin-dependent234

and spin-independent models. Also shown are the results from direct detection experiments:235

COUPP [9], CoGeNT [10], Picasso [11], XENON100 [12], and CDMS II [13]. Table 6 shows236

the 90% CL limits on L and the dark matter-nucleon cross section for the spin-dependent and237

spin-independent interactions.238

Exclusion limits at 95% CL for the ADD model parameter MD as a function of the number of239

extra dimensions are given in Table 7. Figure 5 shows a comparison of these results with those240

from previous searches in this channel.241

In summary, a search is performed for signatures of new physics yielding an excess of events242

in the monojet and Emiss
T channel. The results are used to constrain the pair production of dark243

matter particles in models with a heavy mediator, and large extra dimensions in the context244

of the ADD model. The data sample corresponds to an integrated luminosity of 4.7 fb�1 and245

includes events containing a jet with transverse momentum above 110 GeV/c and Emiss
T above246

350 GeV. Many standard model processes also produce the same signature. The QCD multijet247

contribution is reduced by several orders of magnitude to a negligible level using topological248
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Figure 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering cross
section versus dark matter mass for the (a) spin-independent and (b) spin-dependent mod-
els with results from COUPP[9], CoGeNT [10], Picasso [11], XENON100[12], and CDMS[13]
collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and cutoff scale L
for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent
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1 3.37 ⇥ 10�41 730 7.20 ⇥ 10�40 776
10 9.83 ⇥ 10�41 744 2.12 ⇥ 10�39 789
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the cutoff scale L as a function of Mc can be translated into a limit on the dark matter-nucleon231

scattering cross section [1], which can be compared to the constraints from direct detection232

experiments. Figure 4 shows the 90% confidence level (CL) upper limits on the dark matter-233

nucleon scattering cross section as a function of the dark matter mass for the spin-dependent234

and spin-independent models. Also shown are the results from direct detection experiments:235

COUPP [9], CoGeNT [10], Picasso [11], XENON100 [12], and CDMS II [13]. Table 6 shows236

the 90% CL limits on L and the dark matter-nucleon cross section for the spin-dependent and237

spin-independent interactions.238

Exclusion limits at 95% CL for the ADD model parameter MD as a function of the number of239

extra dimensions are given in Table 7. Figure 5 shows a comparison of these results with those240

from previous searches in this channel.241

In summary, a search is performed for signatures of new physics yielding an excess of events242

in the monojet and Emiss
T channel. The results are used to constrain the pair production of dark243

matter particles in models with a heavy mediator, and large extra dimensions in the context244

of the ADD model. The data sample corresponds to an integrated luminosity of 4.7 fb�1 and245

includes events containing a jet with transverse momentum above 110 GeV/c and Emiss
T above246

350 GeV. Many standard model processes also produce the same signature. The QCD multijet247

contribution is reduced by several orders of magnitude to a negligible level using topological248

M2
Pl ⇡ M �+2

D R�

‣ constraints on large extra dimensions 
in the context of the ADD model
‣ constraints on pair production of dark 
matter particles (χ) in models with a 
heavy mediator

- χ is assumed to be Dirac fermion
- effective contact interactions with SM 
particles (scale Λ)  
- limits on Λ can be translated to limits 
on χ-nucleon cross sections



Konstantinos KousourisRecent Results from CMS 36

DiLepton Resonances

R� =
� ⇥BR

(� ⇥BR)Z

‣ search for resonances decaying to two leptons 
(Z’, GKK)
‣ lepton selection

- pT(e) > 35 (40) GeV in barrel (endcap)
- pT(μ) > 45 GeV

‣ mass resolution
- di-muons: 6.5%(12%) @ 1 TeV (2 TeV)
- di-electrons: 1-2% above 500 GeV

‣ no excess found: limits on Rσ

- excluded Z’SSM < 2.32 TeV
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Search for W’→lν

‣ W’: a heavy analog of W boson
- in SSM (sequential standard model) W’ has similar couplings to W

‣ experimental signature:
- one high pT lepton
- large MET (due to the escaping neutrino)
- search conducted on the transverse mass variable

‣ no excess found. Excluded (SSM):
- W’R M < 2.5 TeV
- W’L M < 2.63 (2.43) TeV with constructive (destructive) interference to SM W

2 3 Physics Models

decays of a right-handed W0
R, predicted by left-right symmetric models [15]. This particle is44

often predicted to decay to a heavy right-handed neutrino [16]. However, the right-handed45

neutrino is not mass-constrained, and could be light as long as it does not couple to SM weak46

bosons, resulting in the same W0
R decay signature as for the W. The neutrino is not detected47

directly, but gives rise to the experimentaly determined missing transverse energy (Emiss
T ). The48

main observable in this search is the transverse mass MT of the lepton-Emiss
T system, calculated49

as:50

MT =
q

2 · p`T · Emiss
T · (1 � cos Df`,n) (1)

where Df`,n is the azimuthal opening angle between the charged lepton’s transverse momen-51

tum (p`T) and Emiss
T direction. Leptonic W0 searches have been performed at the Tevatron [4, 5]52

in the W0 ! en channel, and began at the LHC in 2010 in both the muon and electron channels.53

Searches by the CMS [6, 7] and ATLAS [8, 9] collaborations at the LHC established the current54

most restrictive lower limits on the mass of a W0 with W-like couplings. All of these searches55

assumed sequential SM-like couplings and no interference between the W0 and W bosons. In-56

terference effects have been considered in searches at the Tevatron in the tb̄ channel [14, 17],57

but not in leptonic channels.58

If the W0 is right-handed it will not interfere with the W. However, if it is left-handed, interfer-59

ence is expected to occur: constructive (destructive) interference occurs if the coupling of the60

W0 boson to quarks and leptons has opposite sign to (same sign as) the coupling of the W boson61

to left-handed fermions (gL). While constructive interference increases the W0 production cross62

section and therefore allows sensitivity at higher masses, destructive interference would yield63

a lower cross section, rendering previously published LHC mass exclusion limits [7, 9] slightly64

optimistic.65

Figure 1 shows the transverse mass distribution for a W0 (W0
L and W0

R) of 2.5 TeV mass for66

the cases of constructive, destructive and no interference, along with the background due to67

the SM W. In the absence of interference the cross sections and transverse mass spectrum of68

left- and right-handed W0 are identical. The W0 manifests itself as a Jacobian peak with its69

width almost independent of the presence and type of interference. However, the intermediate70

region around MT ⇠1 TeV shows a clear variation of the shape. Destructive interference of a71

W0
L boson with mass �2 TeV modulates the W transverse mass tail, resulting in a faster fall-72

off (see Figure 1). The modulation strength and the resulting effect on the cross section both73

increase with the W0 mass and width. Given sufficient detector resolution, the constructive and74

destructive interference scenarios may be distinguishable.75

The case of no interference was assumed for the previous ATLAS and CMS studies using the76

PYTHIA event generator [18]. The Tevatron W0 ! tb̄ search used the COMPHEP generator [19,77

20] which has the case of destructive interference implemented. In this analysis, a model of a78

single new heavy vector boson W0 with a SM-like left-handed coupling strength |g0L| ⇡ 0.65 was79

implemented in the MADGRAPH event generator [21]. This model includes spin correlations as80

well as finite-width effects. The agreement between the model implementations in COMPHEP81

and MADGRAPH is demonstrated for the case of destructive interference in Figure 1.82

The leptonic final states under study may also be interpreted in the framework of universal83

extra dimensions (UED) with bulk mass fermions, or split-UED [11, 12]. This is a model based84

on an extended space-time with an additional compact fifth dimension of radius R. All SM85

fermions and gauge bosons have Kaluza-Klein (KK) states, for instance Wn
KK, where n denotes86
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Search for W’→WZ

‣ fermiophobic W’ with enhanced coupling to W/Z
‣ generic search for particles decaying to WZ (e.g 
technicolor hadrons)
‣ experimental signature:

- 3 high pT leptons (2 opposite charge, same flavor, 
consistent with MZ)
- large MET (due to the escaping neutrino from W)

‣ no excess found
- exclude SSM W’ M < 1.143 TeV
- exclude ρTC of 167-687 (180-938) GeV under 
different model assumptions
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SUSY: Razor Framework
23

 [GeV]0m
500 1000 1500 2000 2500 3000

 [G
eV

]
1/

2
m

100
200

300
400

500

600
700

800

900
1000

± l~ LEP2 

± 
1
χ∼ LEP2 

No EWSB

 =
 L

SP
τ∼

Non-Convergent RGE's
) = 500g~m(

) = 1000g~m(

) = 1500g~m(

) = 2000g~m(

) = 1000
q~m(

) = 1500
q~m(

) = 2000

q~m(

) = 2500

q~
m(

Median Expected Limit
σ1 ±Expected Limit 

Observed Limit
HAD Observed Limit
Leptons Observed Limit

CMS Preliminary -1 L dt = 4.4 fb∫ = 7 TeV    s

Hybrid CLs 95% C.L. Limits
Razor Inclusive

No EWSB
Non-Convergent RGE's

)=10βtan(
 = 0 GeV0A

 > 0µ
 = 173.2 GeVtm

 =
 L

SP
τ∼

Figure 12: Observed (solid blue curve) and median expected (dot-dashed curve) 95% CL limits
in the (m0, m1/2) CMSSM plane with tan b = 10, A0 = 0, sgn(µ) = +1 from the razor analysis.
The ± one standard deviation equivalent variations in the uncertainties are shown as a band
around the median expected limit. Shown separately the observed HAD-only (solid crimson)
and leptonic-only (solid green) 95% CL limits.

7.1 QCD multijet background 9

after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.

‣ novice approach to generic search for 
pair production of heavy particles

- no assumptions on the model details
- complementary to MET-tail searches

‣ two or more reconstructed objects 
combined into “megajets”

- event-by-event test of the hypothesis 
that the megajets arise from the decay 
chain of heavy particles

‣ razor variables 
- MR sensitive to the scale of new 
physics
- R discriminating S/B

‣ search strategy
- MR and R2 falling exponentially
- extrapolate to signal region
- “boxes” based on number of leptons

‣ interpretation in the context of the 
CMSSM parameter space

- exclude squarks and gluinos up to 
1.35 TeV (msquark~mgluino) and gluinos 
up to 800 GeV (msquark > mgluino) 
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Summary
CMS has completed a very large number of analyses with pp 
collisions at 7 TeV

‣ more than 100 papers published

‣ more than 40 new results shown at Moriond 2012

‣ excellent understanding of the detector, even at high pile-up conditions 

SM measurements of unprecedented precision

‣ important constraints on theory ingredients (e.g. PDFs) and backgrounds to searches

‣ Tevatron anomalies (W+2j, top charge asymmetry) not confirmed

Fully deployed Higgs campaign

‣ excluded @ 95% CL the mass range 127.5 - 600 GeV

‣ interesting fluctuation at low masses (anticipating the 2012 run at 8 TeV) 

Intensive search for BSM physics 

‣ no sign of new physics so far

‣ impressive limits on model parameters


